Although anterior cruciate ligament (ACL) reconstruction (ACLR) has been shown to be an effective treatment for patients with an ACL-deficient knee, 14 recent studies have demonstrated an alarmingly high failure rate in young patients, with return-to-sport rates often shown to be suboptimal. 34 Concern exists over persistent anterolateral rotatory laxity, 11, 20, 28, 33 with the pivot-shift examination having been shown to correlate with functional outcomes postoperatively. 2 This residual laxity may contribute to subjective failure, with patients being unable to return to athletic activities, or objective failure, as observed with graft reruptures. 9, 18, 19 Consequently, there has been a resurgence of interest in lateral extra-articular procedures that may confer improved rotational stability.
Recently, 2 meta-analyses reported significantly improved control of rotational laxity with ACLR combined with lateral extra-articular tenodesis (LET), compared with isolated single-bundle ACLR. 14, 27 However, there are ongoing concerns over LET and its potential to overconstrain physiological tibiofemoral rotation, [5] [6] [7] [8] 10, 22, 29 with early studies suggesting no added clinical benefit of extraarticular procedures. 1, 25 As a result of these criticisms, the adoption of this procedure has been relatively slow. 12 A number of recent biomechanical studies have been performed, using either combined ACLR with LET (both the ACL and anterolateral structures were sectioned first) 13, 16, 17 or LET in combination with an intact ACL, 15 and have generally corroborated previous findings; isolated ACLR was inadequate in restoring native knee joint kinematics and rotational stability. 13, 16, 17 Furthermore, Inderhaug et al 16 identified that the addition of LET to ACLR restored native joint kinematics, with no evidence of rotational overconstraint. Importantly, in a separate study, Inderhaug et al 15 only found evidence of overconstraint when LET was tensioned to 80 N of force.
Despite these preclinical kinematic data, there is still clinical concern about the impact of LET on lateral joint contact pressures, 23 heightened by the presence of concomitant lateral meniscal deficiency. To our knowledge, however, there are no studies evaluating the effect of LET on lateral compartment tibiofemoral contact pressure parameters after ACLR in an ACL-and lateral meniscus-deficient model. Therefore, the purpose of this study was to investigate changes in tibiofemoral joint contact pressures between isolated ACLR and combined ACLR plus LET in various lateral meniscal injury states. The hypothesis was that lateral tibiofemoral contact pressures would not increase after combined ACLR plus LET with and without a lateral meniscal injury, compared with the isolated ACL-reconstructed knee, under physiological loading conditions.
METHODS

Specimen Preparation
Eight fresh-frozen (-20 ) cadaveric knee specimens (midfemur to midtibia) (mean age, 60.0 ± 3.4 years; mean height, 1.76 ± 0.17 m; mean weight, 84.37 ± 15.66 kg) were procured for use in this study (Science Care). The study protocol was approved by our institutional review board (approval No. MW 030217). The specimens were free of any bone and soft tissue disorders, assessed through visual and manual inspection as well as arthroscopic inspection for degenerative changes to the joint. The specimens were thawed, and the soft tissues from the proximal femur and distal tibia were dissected for potting; all soft tissues surrounding the knee joint were left intact. The tibia was potted into a 3 cm-long section of 9 cm-diameter ABS piping using dental cement (Denstone Dental Cement; Heraeus). Once set, the specimen was inverted and held in extension while the proximal femur was potted into a section of 6 cm-diameter ABS piping. A 10-N compressive load was applied through the tibia during this process to maintain the knee's native alignment.
Lateral Compartment Pressure Measurements
The mean contact pressure (ie, mean pressure over the surface of the tibial plateau), peak pressure, and location of the center of pressure were selected as outcome measures, as evidence suggests that alterations in the knee joint loading environment are a strong contributor to the onset and propagation of knee osteoarthritis (OA). 30 Once the specimens were potted, a pressure sensor was inserted into the joint (K-Scan System model 4011; Tekscan) through an anterolateral parapatellar arthrotomy site ( Figure 1A ). Tekscan sensors have previously been utilized in similar studies, demonstrating that they provide a valid and reliable measurement of in vitro joint loading. 15 The sensor matrix was 24.8 Â 40.0 mm, resulting in 273 sensels at a resolution of 27.6 sensels/cm 2 . The sensor had a maximum capacity of 3448 kPa and was calibrated and equilibrated before insertion following the manufacturer's guidelines. Two sutures were attached to the edge of the sensor and passed in a submeniscal fashion using an inside-out suture-shuttling technique. This allowed the sensor to be pulled along the lateral tibial surface, under the lateral meniscus, until it was in the intended position. The placement of the sensor was confirmed arthroscopically before sutures were tied over the posterolateral joint capsule ( Figure 1B ).
Experimental Conditions
The lateral compartment contact parameters were measured in response to the following conditions.
(1) Baseline. This was an ACL-deficient and anterolateral ligament (ALL)/anterolateral capsule (ALC)-deficient condition. The ACL was sectioned arthroscopically, while the inframeniscal fibers of the ALL/ALC were sectioned through a 2-cm iliotibial band (ITB) arthrotomy site. The ALL/ALC fibers were identified as starting just anterior to the lateral collateral ligament to a position adjacent to the posterior margin of the Gerdy tubercle. Using these anatomic landmarks would ensure that the inframeniscal portion of the ALL was sectioned. 3 Care was taken to avoid § posterior extension into the deep ITB. All arthrotomy sites and the ITB were sutured before testing. of flexion. 10, 15 The free end of the ITB was then sutured back onto itself.
(4) Partial meniscectomy with ACLR and LET (ACL/ LET/Partial). Partial meniscectomy was performed by removing 50% of the posterior third of the lateral meniscus arthroscopically.
(5) Subtotal meniscectomy with ACLR and LET (ACLR/ LET/Total). Meniscectomy was performed by removing 100% of the posterior third of the lateral meniscus. For both meniscus-sectioning instances, the meniscus was sectioned via meniscal biters, and all debris was removed via suction. Also, the surgeon had full visualization of the Tekscan sensor during these processes, and care was taken not to damage the sensors.
(6) LET release (LETR) with ACLR and subtotal menisectomy (ACLR/Total/LETR). The LET procedure that was performed in condition 3 was released by removing the staple from the femur and pulling the LET construct out from under the fibular collateral ligament.
Loading Protocol
Once the specimen was appropriately prepared for each experimental condition, it was rigidly attached to a materials testing machine (model 8874; Instron). The tibia was secured to the actuator of the Instron machine via a 6 degrees of freedom load cell (MC3A-1000; Advanced Mechanical Technologies), while the femur was attached to a flexion/extension jig ( Figure 2 ). When the desired flexion angle was set, as measured with a goniometer (Baseline; Fabrication Enterprises), the Instron machine was programmed to load the joint to 735 N (body weight [75 kg] force of the average human, thus simulating single-leg standing) and hold this load for 10 seconds. During this time, the lateral compartment pressures were recorded by the Tekscan software at 4 frames per second (IScan System; Tekscan). Care was taken to ensure that the specimen was secured in the Instron machine in the position that it acquired immediately after each of the experimental conditions. This loading setup constrained the joint, such that it only allowed motion to occur in the axial direction once the flexion angle was set; no accommodating translation or rotation could occur in this system, such that it was simulating a closed chain loading protocol. The loading protocol was applied for all conditions at knee flexion angles between 0 and 90 in 30 increments.
Statistical Analysis
The data collected from the pressure sensors, including mean contact pressure, peak pressure, and location of the center of pressure, were averaged over the middle third of the 10-second data collection period. With the exception of the location of the center of pressure, all data were normalized to the baseline condition (presented as percentage baseline) and analyzed as such. For each independent variable, 1-way repeated-measures analysis of variance was conducted for each knee angle to determine differences between the conditions. For the location of the center of pressure, the medial-lateral (x-coordinate) and anterior-posterior (y-coordinate) coordinates were analyzed independently. The coordinates for the location of the center of pressure are presented in the sensor frame of reference, where the origin is located in the top left corner. Therefore, larger x-axis values represent translation medially, and smaller y-axis coordinates are located more posteriorly; the coordinates of 6.5 mm and 10.5 mm represent the center of the sensor/joint. Post hoc power and the eta-squared effect size (ES) were calculated, and the ES was interpreted according to Sullivan and Feinn. 32 All statistical analyses were performed using SPSS software (version 23; IBM), post hoc analysis was conducted with a Bonferroni adjustment, and alpha was set at 0.05.
RESULTS
Mean Contact Pressure
At all flexion angles, across all conditions, the mean contact pressure did not significantly increase from the baseline condition ( Figure 3 ). The only significant differences between groups appeared at 0 (power ¼ 0.92; ES ¼ 0.37) and 30 of flexion (power ¼ 0.83; ES ¼ 0.31). At 0 , there was a statistically significant reduction in contact pressure after subtotal meniscectomy (ACLR/LET/Total) and LETR (ACLR/Total/ LETR) to 69.72% ± 19.27% (P ¼ .04) and 65.81% ± 13.40% (P ¼ .003) compared with baseline, respectively. At 30 , a statistically significant reduction in the mean contact pressure was observed with the addition of LET to ACLR (61.20% ± 23.08%) compared to the baseline condition (P ¼ .031). Otherwise, at both 60 and 90 of flexion, there were no statistically significant differences in the mean contact pressure between groups (Figure 3 ).
Peak Pressure
Similar to the mean contact pressures, there was no significant increase in peak pressure after LET, with and without lateral meniscectomy, when compared with the baseline condition. At 0 of knee flexion, there was a significant reduction in peak pressure in the ACLR/Total/LETR group (68.44% ± 19.60%) (P ¼ .04; power ¼ 0.91; ES ¼ 0.36) compared with the baseline condition (Figure 4 ). There were no significant differences in peak pressure between groups at 30 , 60 , or 90 of knee flexion (Figure 4 ).
Location of Center of Pressure
At 0 of knee flexion (power ¼ 1.00; ES ¼ 0.63), partial meniscectomy (P ¼ .012), subtotal meniscectomy (P ¼ .021), and LETR (P ¼ .007) all significantly altered the location of the center of pressure, such that it translated anteriorly by 3.84 mm, 3.44 mm, and 4.22 mm, respectively. In addition, the mean center of pressure after subtotal meniscectomy (8.34 ± 1.64 mm) was positioned significantly more anterior when compared with the ACLR condition (11.06 ± 1.54 mm) (P ¼ .008) ( Figure 5A and Table 1 ). When the knee was flexed to 30 , there was significant anterior translation of the center of pressure (power ¼ 0.99; ES ¼ 0.64), from 12.21 ± 2.52 mm at baseline to 7.52 ± 2.22 mm and 6.94 ± 1.24 mm after partial meniscectomy (P ¼ .047) and LETR (P ¼ .02), respectively. Furthermore, LETR resulted in the center of pressure being positioned significantly more anterior when compared with the ACLR/LET condition (6.94 ± 1.24 mm vs 10.11 ± 1.47 mm, respectively; P ¼ .017) ( Figure 5B and Table 1) .
At 60 , both the ACLR/LET and ACLR/Total/LETR conditions produced a center of pressure that was located significantly more anterior (power ¼ 1.00; ES ¼ 0.64) compared with the baseline condition, by approximately 2.27 mm (P ¼ .032) and 5.41 mm (P ¼ .031), respectively. The center of pressure was not significantly affected in the mediallateral direction ( Figure 5C and Table 1 ).
At 90 , there was a significant main effect of condition on anterior-posterior translation, which would suggest a trend of anteriorization (P ¼ .005; power ¼ 0.913; ES ¼ 0.584), with the partial meniscectomy, subtotal meniscectomy, and LETR conditions ( Figure 5D and Table 1 ); however, the post hoc test did not identify any statistically significant pairwise comparisons.
DISCUSSION
The most important finding of this study was that under axial loading conditions, the addition of LET after ACLR did not significantly increase contact pressures in the lateral compartment. There was a trend of increasing pressure after the inclusion of meniscal lesions, although these were not statistically significant and did not rise above the baseline condition. LET also did not appear to overconstrain or "capture" the knee, as there was no significant anteriorization of the center of pressure after the addition of LET. Finally, a progressive lateral meniscal injury appeared to alter the location of the center of pressure with axial loading, resulting in an anterior shift in the center of pressure.
Prior studies have also evaluated the impact of LET on tibiofemoral contact pressures and joint kinematics in an attempt to quell fears of overconstraint and the theoretical risk of lateral compartment OA. Inderhaug et al 15 evaluated tibiofemoral contact pressures after MacIntosh tenodesis at 2 different tensioning loads (20 N and 80 N) . They reported decreased lateral compartment contact pressures, with the subsequent restoration of normal contact pressures after lateral tenodesis tensioned at 20 N. MacIntosh tenodesis at 80 N of graft tension produced overconstraint of internal tibial rotation. They also identified relative external rotation of the tibia with 80 N of LET graft tensioning, yielding a more anterior contact point on the tibia. Geeslin et al 10 evaluated the kinematic effects of combined ACLR and LET while also assessing the impact of graft fixation angle. One of the more interesting findings of their study was that LET produced less overconstraint when secured at 70 of flexion, rather than 30 of flexion, suggesting that graft fixation may be safer at this angle. This is in slight contrast to another study by Inderhaug et al 16 evaluating the impact of LET graft fixation on knee kinematics, suggesting that normal joint kinematics are restored when fixation occurs between 0 and 60 . The contact pressure results presented in the current investigation were comparable with the data reported by Inderhaug et al, 16 with no significant increase in lateral compartment pressure after LET tensioned at 20 N. This is likely because of the similarities in LET with the graft secured at 70 of flexion, as suggested by Geeslin et al. 10 However, in contrast to Inderhaug et al, 15 we did not notice the tibiofemoral contact point moving to a more (statistically significant) anterior location with relative tibial external rotation, as identified in their study, after the inclusion of LET. This was likely because our graft tension was kept to a maximum of 20 N, avoiding this overconstraint, observed primarily with an 80-N tensioning force.
The results of our study are supported by the long-term outcomes of LET reported by Zaffagnini et al 35 and Devitt et al. 4 Zaffagnini et al 35 reported on the 20-year outcomes after combined hamstring ACLR and LET, noting no association between LET and lateral or patellofemoral compartment OA. Similarly, Devitt et al 4 performed a systematic review evaluating long-term follow-up studies after ACLR and LET, noting no association between LET and lateral compartment OA. Both studies, however, indicated a correlation between meniscectomy and OA but showed a higher rate of medial compartment OA in response to medial meniscal damage compared with lateral compartment OA.
A novel aspect of the current study was the inclusion of a lateral meniscal injury to evaluate the resultant change in contact pressures and pressure point location after isolated ACLR or ACLR with LET. In our experimental testing of an ACL-reconstructed knee, contact pressures increased in the lateral compartment with both partial and subtotal lateral meniscectomy. The pressures in the lateral compartment were unaffected by the addition of LET. There was no significant difference in pressure between the ACLR/Total/ LETR and ACLR/LET/Total conditions. This suggests that combined ACLR plus LET is safe to perform when the graft is secured at 70 of flexion with 20-N tension and will not cause an increase in lateral compartment pressures with concomitant ACL and lateral meniscal deficiency.
Interestingly, it was also noted that the location of the center of pressure changed with a meniscal injury with and without LET. At all flexion angles, the position of the center of pressure shifted anteriorly after the ACLR/LET/Partial, ACLR/LET/Total, and ACLR/Total/LETR conditions, suggesting that the tibia is either translating posteriorly or moving into slight external rotation. If this were true only with LET, then this might cause concern of overconstraint, but the effect was slightly more pronounced without LET. This is in contrast to the findings of previous studies that have identified the lateral meniscal posterior root as a secondary stabilizer in an ACL-deficient knee, limiting anterior translation. 21, 24, 31 In these studies, resection of the lateral meniscal root led to increased anterior tibial translation, which would create a more posterior contact point on the tibia. One potential explanation for this discrepancy is that most of these studies evaluated joint translation in response to applied anteroposterior loads or simulated pivot-shift maneuvers, while only axial loading was tested here. Additionally, our experimental setup may have introduced some constraint, yielding lower anterior translation in the injury model. As a result, meniscectomy in our study likely accentuated the relative incongruency of the lateral compartment, focusing contact pressures on the anterior horn of the meniscus and anterior portion of the compartment. These results are similar to a previous finite element analysis that simulated posterior horn lateral meniscectomy, noting a significant increase in anterior horn peak contact stress in response to an axial load. 26 Future studies should focus on lateral compartment pressures after ACLR and lateral meniscectomy with a kinematic evaluation, including anterior-posterior translation or pivot-shift testing. However, more importantly, the current study highlights the ability to address high-grade anterolateral rotatory laxity, which may occur as a result of meniscal loss, with LET without the increased concern of elevating lateral compartment contact pressures.
While this study presents several clinically useful results, there are associated limitations. First, we did not test specimens in the intact state before the creation of the injury model. This prevented us from validating our experimental setup, as we are unable to demonstrate the anticipated kinematic changes after ACL and ALL sectioning. However, we were most interested in the ACL-deficient knee as being the most clinically relevant baseline state from which all experimental variables would be compared. Furthermore, the resultant lower number of sectioning states improved our statistical analysis. Second, kinematic testing was not included with either anterior-posterior translation or simulated pivot-shift testing. The intent was not to evaluate the kinematics of LET, as this has previously been assessed in multiple similar cadaveric studies, but rather to focus on the impact of LET with and without lateral meniscectomy on lateral compartment pressures in an ACLR model. In addition, pressure was only measured in the lateral compartment, and therefore, it is unclear how the medial compartment was responding to the different conditions tested, especially given the relatively constrained loading setup that was used here.
Although care was taken to maintain the acquired position of the knee after each experimental condition, our setup did not allow for accommodating translation or rotation. While this experimental setup was designed to simulate a closed chain loading protocol, different from the open chain loading previously used, it is possible that constraining motion along these axes could have affected the measured compartment pressures, and these results should be interpreted with that in mind. Future work from our laboratory is aimed at measuring compartment pressures within a novel joint motion simulator that does allow for manipulation of additional translation and rotation. Last, the results are prone to the inherent limitations of cadaveric studies, with time-zero kinematics in elderly specimens that may limit clinical applicability.
CONCLUSION
The findings of this study demonstrated that under axial loads, LET does not appear to increase lateral compartment contact pressures or produce relative external tibial rotation (ie, overconstraint) when performed in conjunction with ACLR in the setting of an intact or posterior horn-deficient lateral meniscus. This would suggest that in combination with previously published clinical studies and systematic reviews, it is safe to perform LET in conjunction with ACLR with graft fixation at 70 of flexion and 20-N tension without altering lateral compartment pressures.
